The atypical antipsychotics (AAPs) are associated with weight gain and an increased incidence of metabolic disease including type 2 diabetes mellitus. Epidemiological, cross-sectional and prospective studies suggest that two of the AAPs, olanzapine and clozapine, cause the most dramatic weight gain and metabolic impairments including increased fasting glucose, insulin and triglycerides. Relative to the other AAPs, both olanzapine and clozapine exhibit a particularly high antagonistic affinity for histamine and muscarinic receptors which have been hypothesized as mediators of the reported increase in weight and glucose abnormalities. In this article, we review the current evidence for the AAP associated weight gain and abnormal glucose metabolism. We postulate that the effects of the AAPs on food intake and peripheral metabolism are initially independently regulated but with increasing body adiposity, the early AAP-induced impairments in peripheral metabolism will be exacerbated, thereby establishing a vicious cycle such that the effects of the AAP are magnified by the known pathophysiological consequences of obesity. Furthermore, we examine how inhibition of the histaminergic pathway may mediate increases in food intake and the potential role of the vagus nerve in the reported peripheral metabolic effects.
Introduction
Within the last 20 years, there has been a striking increase in the incidence of metabolic disease in the schizophrenic population. The number of studies reporting anti-psychotic induced weight gain rose from less than 20 before 1970 to over 250 since 1990 [1] . In addition to weight gain, there are numerous reports of significant increases in fasting insulin and glucose levels [2] [3] [4] [5] [6] . Markers of lipid abnormalities and predictors of cardiovascular disease are also consistently altered with patients presenting with low HDL, high triglycerides [7] [8] [9] [10] and elevated free fatty acids [11] . Based on the large NIH funded CATIE trials (Clinical Antipsychotic Trials of Intervention Effectiveness), the prevalence of metabolic syndrome, as indicated by 3 or more of 5 clinical symptoms (increased waist girth, hyperglycemia, hypertension, hypertriglyceridemia and low HDL-cholesterol) is twice to three times greater in schizophrenic patients on atypical anti-psychotics than in age, sex and race matched controls from the NHANES III database [12, 13] . As the metabolic syndrome is predictive of CVD, the long-term health consequences for schizophrenic patients are significant [14, 15] .
The increase in obesity and metabolic disease appears to coincide with the development of a new class of drugs designed to treat schizophrenia, termed the second generation anti-psychotics or atypical antipsychotics (AAPs). While there is still ongoing discussion as to whether the weight gain and metabolic disease are part of the natural etiology of schizophrenia, the premise of this article is that although we acknowledge the genetic and lifestyle factors associated with schizophrenia that may contribute to weight gain and metabolic disease, we believe that there is ample evidence for treatment-emergent effects. In vitro studies [16, 17] , animal models [18, 19] , studies conducted in children with first-time use of AAPs [20] and evidence of similar side effects in other psychiatric disorders [21, 22] provide support of AAPinduced adverse effects.
The AAPs influence multiple neurotransmitter systems exerting antagonistic actions on dopaminergic, adrenergic, serotonergic, histaminergic and muscarinic receptor subtypes. These neurotransmitters have all been implicated directly or indirectly in pathways associated with food intake regulation and/or metabolism. In this article, we will give a brief overview of the evidence for AAP-induced weight gain and metabolic dysregulation. We postulate that the effects of the AAPs on food intake and peripheral metabolism are initially independently regulated but with increasing body adiposity, the early AAP-induced impairments in peripheral metabolism will be exacerbated, thereby establishing a vicious cycle such that the effects of the AAP are magnified by the known pathophysiological consequences of obesity. We focus on two exemplary neurotransmitter/ neuronal systems: the central histaminergic pathway, mediating increases in food intake and the vagus nerve, hypothesized to mediate some of the peripheral metabolic side effects. We focus on these two neurotransmitters systems because olanzapine and clozapine, the two agents associated with the greatest weight gain and most impaired metabolic profile, exhibit a particularly high antagonistic affinity for histamine and muscarinic receptors. Other mechanisms may be equally important but we are using these to illustrate the potential complexity of action of the AAPs on both behavior and metabolic processes.
2. Atypical antipsychotics (AAP): Effects on weight gain and food intake
Human studies
In the late 1990s reports started to emerge stating that weight gain must be considered a side effect of the new second generation antipsychotics [23, 24] . Isolated reports also indicated that the AAPs may be associated with metabolic consequences such as increases in plasma insulin which were correlated with circulating levels of clozapine [25] . Allison et al. [26] published a review of the literature providing support for AAP-induced weight gain and suggesting that the weight gain may contribute to metabolic dysregulation in patients with schizophrenia. The CATIE trials later indicated that significant weight gain was associated with AAP treatment and that some of the AAPs appeared to cause greater weight gain than others (for example ziprasidone was the only agent not associated with weight gain) but the data were confounded by the patient's previous exposure to multiple medications and a varying length of treatment duration [27] . A recent post-hoc database analysis of weight effects across treatments compared short term (4-12 weeks) to long term (1 year) effects and found that after short-term administration, haloperidol (a first generation antipsychotic) and ziprasidone (a second generation anti-psychotic) did not cause significantly greater weight gain than placebo [28] . In contrast, amisulpride, risperidone and olanzapine had significantly increased incidence of weight gain. Weight change following olanzapine treatment was the greatest compared to the other drugs, with an average 11.1 lb gained and 55% of patients exhibiting weight gain greater than 7%. Thus, over half of the subjects treated with olanzapine gained more than 7% of their body weight. These effects were essentially paralleled after 1 year of treatment, with risperidone and olanzapine being associated with the greatest weight gain while ziprasidone and aripiprazole were not different from placebo. Overall, the data show that olanzapine and clozapine are consistently associated with the greatest weight gain although because clozapine is less frequently prescribed due to the associated agranulocytosis, recent attention has focused on olanzapine.
Despite the recognized increases in weight with AAP treatment, relatively little is known about changes in food intake and appetitive behavior. Significant increases in food intake were reported in healthy male volunteers after 15 days of olanzapine administration which resulted in a modest increase in body weight coupled with an 18% increase in food intake, independent of changes in energy expenditure or insulin sensitivity relative to placebo [29] . Other studies using a test meal challenge have reported no increase in energy intake or changes in macronutrient consumption in either patients or control subjects [30, 31] . Increases in hunger coupled with decreases in satiety have been reported consistently following olanzapine administration. Kluge et al. [32] found that both clozapine and olanzapine were associated with an increase in self-reported binge eating and a significant increase in food craving as well. However, the study was conducted on an inpatient population and there was no placebo control group so it is difficult to interpret whether the food craving was a function of the limitations of a hospital diet or a direct consequence of the drug administration. In healthy control subjects, a small non-significant increase in the breakfast hunger curve coupled with modest weight gain was observed after olanzapine was administered on an outpatient basis for 15 days [31] . In another study, appetite ratings from 4 separate studies in which olanzapine was administered for 12-24 weeks were analyzed. Appetite was assessed with 5 different scales, some developed by Lilly, the company which manufactures olanzapine as well as a couple of other validated scales. Using their in-house "Eating Behavior Assessment", they also found an increase in craved fatty foods and craved sweet foods, and an increase in self-reported overeating [33] . Eating behaviors have also been evaluated as predictors of weight gain following AAP administration. Post-hoc analysis of 3 clinical studies conducted by Lilly suggested that significant predictors of weight gain included decreases in cognitive restraint as measured by the Three Factor Eating Inventory [34] , increases in hunger and overeating at baseline [35] . Overall, the same methodological issues which limit the evaluation and measurement of human eating behavior in general, plague this area as well. The validity of laboratory versus real-world evaluation of eating behavior and the lack of accuracy with dietary recall measurements are two primary hurdles.
Animal studies
Animal models provide one strategy to investigate the potential mechanisms involved in AAPs-mediated food intake and weight gain. However, the results from the animal experiments are inconsistent. For example, while multiple studies utilizing female rodents demonstrate that AAP administration via various methods such as drinking water, minipump, intraperitoneal injection, over both the long and short term, increases food intake and body weight [18, [36] [37] [38] [39] [40] [41] a recent report by Cooper et al. [42] failed to demonstrate that chronic administration of clozapine had any effects on food intake in female rats despite evidence that clozapine is one of the AAPs associated with the greatest weight gain in humans. In one study with male rats, there was enhanced adiposity in the absence of hyperphagia, weight gain or metabolic abnormalities [43] suggesting that AAPs may have direct peripheral effects which bypass central nervous systemmediated food intake regulation. Pouzet et al. showed that haloperidol, which does not cause noticeable weight gain in patients, led to weight gain in a rat model [36] . However, it has been argued that the minimal response of chronic administration of olanzapine is due to its degradation in solution [44] which may explain the discrepancies in the animal models. In addition, there is no clinical evidence showing that AAP-mediated weight gain or metabolic impairments are sexspecific. Since food intake, weight gain and metabolic phenotype in rodent models can be influenced by various factors such as strain, sex, food choice and environmental context, it is crucial to refine and identify the methods needed to establish a valid animal model. However, despite their current limitations, animal models can still provide valuable insights into underlying signal transduction and neural circuit pathways modulating AAP-mediated weight gain and food intake.
AAP effects on peripheral glucose metabolism

Human studies
Consistent with the findings on weight gain, epidemiological studies consistently demonstrate that the two AAPs with the metabolic profiles most predictive of T2DM are olanzapine and clozapine [45] [46] [47] [48] while ziprasidone has been shown to improve metabolic parameters. A recent meta-analysis reviewed data from 48 randomized blinded studies comparing the AAPs and found that olanzapine produced greater weight gain and higher glucose and cholesterol levels than any of the other drugs including clozapine [49] . Cross-sectional clinical studies also provide evidence of abnormal glucose metabolism and insulin resistance in schizophrenic patients on olanzapine and clozapine [3, [50] [51] [52] . Olanzapine has been shown to induce higher levels of glucose and/or insulin at baseline [53, 54] and during oral glucose tolerance tests [53, 55] although some studies report no effects [56] . Homeostatic model assessment-insulin resistance (HOMA-R) measurements can be derived from fasting glucose and insulin concentrations and are used as an index of insulin resistance. Schizophrenic patients on both olanzapine and clozapine exhibit higher HOMA-IR levels compared to control subjects or patients on other antipsychotic agents [57] . In addition, prospective studies demonstrate that olanzapine increases HOMA-IR relative to an age and sex matched control group [58] . Studies utilizing more sophisticated measures of insulin sensitivity such as the frequently sampled intravenous glucose tolerance test (FSIGT) report either significantly reduced insulin sensitivity and glucose effectiveness in patients on olanzapine and clozapine relative to risperidone [59] or no significant differences [60] .
The reported increases in fasting glucose and insulin concentrations are indicative of hepatic insulin resistance but only one study has directly measured endogenous glucose production or hepatic insulin resistance in a patient population [61] . Consistent with the more indirect assessments, an increased rate of endogenous glucose production was observed in first episode antipsychotic-naïve schizophrenic patients relative to weight matched controls. Overall, the studies vary widely in that some evaluate first-episode schizophrenic patients, while others examine patients that have been on multiple treatment regimens making comparison between studies difficult. Furthermore, because the AAPs increase weight [62, 63] it is difficult to ascertain the extent to which the metabolic consequences of the AAPs are due to increased body adiposity or are a direct effect of the drugs on tissue function and metabolism. Thus, untangling the etiology of metabolic disease in schizophrenic populations is fraught with confounding issues.
One approach to teasing out the effects of disease or prior exposure to other drugs from direct treatment-related consequences is to investigate the effect of the AAPs in normal, healthy control subjects. Sowell and co-workers conducted two studies examining the effect of AAP administration on insulin secretion and insulin sensitivity in healthy controls: one study utilized a hyperglycemic clamp [64] , and the other, a hyperinsulinemic, euglycemic clamp [65] . Both studies administered 10 mg/d of olanzapine for a 15-21 day period, compared the results to risperidone and placebo and reported no significant effects on insulin secretion or insulin resistance although modest effects on weight gain were found. In addition, Hardy et al. published a study [66] which re-analyzed data from the hyperglycemic clamp study and found an increase in the acute insulin response to glucose (first 10 min of insulin secretion) and a decrease in insulin sensitivity after olanzapine administration. However, due to a lack of significant difference in the disposition indexes, the authors concluded that olanzapine had no effect on glucose metabolism. In contrast, a significant decrease in insulin sensitivity as measured by the euglycemic, hyperinsulinemic clamp was reported after olanzapine administration to normal healthy subjects for a 10 day period compared to ziprasidone [67] . In these studies, subjects still gain some weight during the acute olanzapine administration and therefore, the effects on metabolism could have been secondary to weight gain. Only one study has reported on significant effects of olanzapine on insulin sensitivity independent of weight gain and they found modest decreases in insulin sensitivity during a euglycemic, hyperinsulinemic clamp with no change in endogenous glucose production [68] .
In addition to the reported effects on glucose metabolism, olanzapine and clozapine have been associated with increased fasting triglyceride (TG) concentrations [69] [70] [71] and low density lipoproteins . Interestingly, metabolomics were used to examine lipid profiles in schizophrenics treated with either olanzapine, risperidone or aripiprazole and no effects were found in patients on aripiprazole, but 50 lipids and lipid metabolites were increased with the other two drugs [72] . The effects of olanzapine on plasma free fatty acid (FFAs) levels are inconsistent. One study reported an increase in free fatty acid levels in patients on chronic treatment with AAPs [11] but when olanzapine was administered to healthy subjects, a decrease in fasting FFA levels and a blunted suppression of FFA levels during a euglycemic, hyperinsulinemic clamp [68] were observed. The authors speculated that olanzapine inhibits lipoprotein lipase (LPL) in the muscle but impairs the action of insulin on LPL in adipose tissue. Increases in triglycerides may be due to a decrease in the metabolic clearance of TG or alternatively, an increase in hepatic de novo lipogenesis as suggested by the animal studies.
Animal studies
It is generally assumed that the increased incidence of diabetes and cardiovascular disease associated with AAP treatment is secondary to weight gain. However, in vitro and acute animal studies provide evidence for direct effects of olanzapine on glucose or lipid metabolism independent of disease or weight gain. Using 3T3-L1 adipocytes and primary cultured rat adipocytes, AAPs were shown to impair insulin-induced glucose transport and increase lipogenesis [16] . Similar effects on lipogenesis were reported by Yang et al. [17] who also demonstrated an induction of sterol regulatory element binding protein (SREBP-1), the upstream regulator of fatty acid synthase. Increases in gene expression of fatty acid synthase and stearoylCoA desaturase, two lipid biosynthetic genes, were also observed in isolated peripheral blood cells from patients on olanzapine [73] . Moreover, our group also found that sub-nM range of olanzapine and clozapine can specifically enhance fatty acid synthesis and TG in HeLa cells without affecting cholesterol levels while the same doses of ziprasidone have no effect on any lipogenesis (unpublished observation). The effects on adipocytes are not completely consistent as one study found no changes in basal or insulin-stimulated glucose transport at therapeutic concentrations of olanzapine in 3T3-L1cells [74] .
Acute administration of the AAPs in whole animal models also provides evidence of direct effects of the drugs on glucose and lipid metabolism. Chintoh et al. [75] conducted both euglycemic and hyperglycemic clamps after acute olanzapine administration and found increases in endogenous glucose production and decreases in insulin secretion, respectively. Houseknecht et al. administered acute subcutaneous doses of olanzapine and clozapine to rats, and found an increase in hepatic glucose production and a decrease in insulin sensitivity during a euglycemic, hyperinsulinemic clamp [76] . Chronic administration using osmotic mini-pumps has no effect on weight gain or food intake but was shown to cause increases in visceral fat, decreases in locomotor activity and increases in endogenous glucose production [77] . Recently, some animal studies have started to shed light on potential mechanisms. Albaugh et al. [78] found that chronic administration of olanzapine to rats decreased FFA and triglyceride levels coincident with increases in glucose and insulin suggesting that the drug uncouples the known relationship between elevated FFA concentrations and insulin resistance. They also reported a decrease in nocturnal resting energy expenditure as well as citric acid cycle precursors of malonyl-CoA synthesis which regulate fat oxidation. Interestingly, the accelerated fat oxidation was associated with increased lipid storage and decreased lipolysis which potentially could be associated with increased hepatic lipid accumulation. This would support data by Oh et al. [19] who showed increased expression of SREBP and decreased AMPK activity in the liver which could contribute to hepatic lipid accumulation. However, Martins et al. [79] showed that both peripheral and central administrations of olanzapine induce hepatic insulin resistance and peripheral administration increases hypothalamic AMPK. Thus, whether the effects of olanzapine on hepatic glucose and lipid metabolism are peripherally or centrally-mediated or both, are still not known.
Atypical antipsychotic binding profile: Overview
The atypical antipsychotics (AAPs) were the second generation of drugs developed to treat psychosis. The first generation anti-psychotic drugs were primarily dopaminergic antagonists and were associated with a high incidence of tardive dyskinesia.
In contrast, the AAPs act on multiple receptors sub-types with a range of affinity for dopamine, serotonin, histamine, muscarinic and adrenergic receptors [80] [81] [82] [83] . The decreased specificity for dopamine receptors of the AAPs has lessened the motor disorders associated with previous agents such as haloperidol but the lack of specificity may be responsible for the wide spread metabolic side effects associated with the drugs. As discussed above, the clinical data indicate that some AAPs such as clozapine and olanzapine induce the most significant weight gain and metabolic disturbances while risperidone and aripiprazole may have modest effects and others such as ziprasidone appear to be weight-neutral. These data suggest that subtle differences in receptor binding and affinity may have profound effects on food intake, weight gain and ultimately metabolism.
One common and unique characteristic of olanzapine and clozapine, the two AAPs associated with the greatest weight gain and metabolic impairments is their high affinity for both muscarinic and histaminergic receptors. Olanzapine and clozapine exhibit binding affinities for muscarinic receptors of at least two orders of magnitude higher than the other AAPs (Table 1) and [82] . Similarly, both these drugs exhibit a high antagonist affinity for H1 receptors [84] . The differential binding affinity of olanzapine and clozapine to muscarinic and histaminergic receptors has lead to hypotheses that these receptors play a primary role in the abnormal metabolic and orexigenic properties of these drugs. A number of review articles have reported positive correlations between histamine binding and increased weight gain as well as muscarinic binding and metabolic impairment [83, 85, 86] . Below we discuss the potential role of these two systems as mechanisms for the effects of the AAPs on food intake and metabolism
AAP administration: Central histaminergic antagonism as a potential mediator of increased food intake
Energy homeostasis is a balancing act between energy intake (food intake) and energy expenditure (basal metabolism and physical activity) and is orchestrated by both the brain and periphery. One of the key regions in regulating this process is the hypothalamus in the brain [87, 88] . A set of systemic lesion experiments identified the specific hypothalamic structures that are directly involved in energy homeostasis such as hypothalamic ventromedial (VMH), the paraventricular (PVN) and dorsal medial (DMH) nuclei as satiety centers and the lateral hypothalamus (LH) as the hunger center [89, 90] . Genetic deletion studies have enabled us to identify a large number of peptides as well as signaling cascades within the hypothalamus responsible for these feeding behaviors. Hence, food intake is now believed to be controlled by a neural circuit with specific peptides such as leptin, melanocyte-stimulating hormone-α (α-MSH), neuropeptide Y (NPY), agouti-related hormone (AgRP) and many other neuropeptides regulating energy homeostasis instead of specific hypothalamic nuclei [88] .
Non-homeostatic eating behavior, often driven by the hedonic and rewarding properties of food also contributes to energy intake [91, 92] . Palatable food enhances mood and stimulates the reward system [93] , Specifically, the mesoaccumbens dopamine system is activated by palatable food and appetite controlling hormones such as leptin and ghrelin [94] . Interestingly, patients with Parkinson's disease, a condition associated with loss of dopamine containing neurons, exhibit reduced food intake, which is ameliorated with treatment of dopamine agonists [95, 96] . Moreover, dopamine agonists can trigger compulsive eating behavior in non-affected controls implying that the dopamine pathway in the midbrain is involved in food intake control [97] . Further, a genetic deletion of tyrosine hydroxylase, a rate limiting enzyme for dopamine synthesis reduces sucrose consumption over water compared to wild type mice suggesting that the mesoaccumbens dopamine system modulates motivational aspects of food intake [98] .
The monoamine histamine is another important chemical messenger that regulates a wide variety of physiologic responses in the brain and peripheral organs including food intake [99] . Four metabotropic histamine receptor types (H1R-H4R) have been cloned so far [100] . H1R-H3R are expressed in abundance in the brain and H4R mainly occurs in peripheral tissues [101] . Histamine-containing neurons and histamine H1 receptors are distributed within the brain and peripheral tissues. Particularly, histaminergic neurons in the mammalian brain are located exclusively in tuberomamillary nucleus of the posterior hypothalamus and send their axons throughout the central nervous system [99] . The signal transduction of H1R is similar to that of other G αq/11 protein-coupled receptor. Histamine binding to H1R results in the cellular accumulation of Ins(1,4,5)P 3 and DAG via hydrolysis of the membrane bound lipid inositol, PtdIns(4,5)P 2 , by phosphoinositide-specific phospholipase C (PLC). DAG goes on to activate protein kinase C (PKC) while Ins(1,4,5)P 3 binds the Ins(1,4,5) P 3 -receptor/channel and allosterically mediates the release of Ca 2+ from intracellular pools within the endoplasmic reticulum [102] .
Several studies showed that histamine can suppress the mesolimbic dopamine pathway which controls palatable food consumption via the H3 autoreceptor and yet activate it through the histamine H1 receptor [103] , perhaps suggesting that the effect of H3 deletion is mediated by its ability to inhibit the histamine H1 pathway [104] Histamine or H1R agonists injected centrally decrease the level of food intake and enhance c-fos-like immunoactivity in the PVN in mice [105] [106] [107] while blockade as well as genetic deletion of H1R elicits an increased daily food intake [108] indicating the H1R is important for regulation of energy balance. In addition to the effect on food intake, it has been shown that brain histamine might regulate body weight and adiposity by modulating peripheral energy metabolism in rodents [109] . The central administration of H1R agonists increases the expression of uncoupling protein 1 in brown adipose tissue which is a marker for energy expenditure, and enhances the lipolytic response in white adipose tissue of rats [110, 111] . Several studies examining drug-binding profiles to various receptors showed that the AAP binding affinity for histamine H1 receptor is a good predictor of AAPmediated weight gain [81] . Also, our group's recent studies further corroborate drug-receptor binding profiles by showing that orexigenic AAPs specifically activate hypothalamic AMP-activated kinase, which is a key enzyme in the regulation of appetite and is mediated by histamine H1 receptor [84] .
AAP administration: Muscarinic antagonism as a potential mediator of impaired peripheral metabolism
The vagus nerve, part of the parasympathetic nervous system, is a mixed nerve composed of both sensory afferents and motor efferents. Vagal afferents relay information from peripheral tissues such as the stomach and intestine to the nucleus of the solitary tract (NTS).
Neurons from the NTS descend in a topographical manner into the dorsal motor nucleus of the vagus (DMV). At the onset of, and during food ingestion, descending pre-ganglionic vagal efferent neurons from the DMV are activated and stimulate post-ganglionic neurons which release acetylcholine on target tissues including the pancreas and liver, two tissues critically involved in the regulation of blood glucose (Fig. 1) . In the pancreas, the vagal efferents terminate on intrapancreatic neurons which release acetylcholine as well as other peptides such as vasointestinal peptide. To elicit insulin secretion [112] , acetylcholine binds to M 3 muscarinic receptors and activates phospholipase C resulting in hydrolysis of phosphoinositides [113, 114] . This intracellular pathway is activated by acetylcholine and carbachol, a muscarinic agonist and inhibited by atropine, the muscarinic antagonist. Acetylcholine enhances insulin secretion to glucose [112] and conditions leading to desensitization of insulin release to glucose have been associated with increased sensitivity to acetylcholine in pancreatic islets [115, 116] . Conversely, elevated free fatty acids postulated in the etiology of insulin resistance, can inhibit the stimulatory effect of acetylcholine on insulin release from pancreatic islets [117] . Olanzapine and clozapine have been shown to inhibit inositol phosphate accumulation and insulin secretion to carbachol in pancreatic islets, demonstrating functionally significant consequences of M 3 binding by the AAPs [118] . In healthy humans, vagal efferent activation only takes place during food ingestion as the sensory properties of food stimulate receptors in the oral cavity. The sensory properties of food can elicit a small insulin response, termed the cephalic phase insulin response, that is dependent on vagal efferent activation, and occurs prior to nutrient absorption in the first 10 min of food ingestion or just by tasting and chewing food [119, 120] . Increases in cephalic phase insulin release (CPIR) indicate that vagal efferent activation has occurred. When glucose is administered directly into the stomach via a nasogastric tube, there is no CPIR since vagal efferent stimulation of insulin release does not take place [121] . Under these conditions, post-prandial glucose levels are 30% greater than when food is tasted simultaneously to gastric administration alone. Similarly, when glucose is administered intravenously (IV), there is no vagal efferent contribution to insulin secretion as demonstrated by a lack of effect of administration of the muscarinic antagonist atropine on insulin secretion [122, 123] . Understanding the conditions by which vagal efferent activation takes place, is crucial for interpreting the results of experiments assessing the vagal contribution to various physiological responses. For example, trying to reveal the effect of an intervention (i.e. AAP administration) on a vagally-mediated response such as insulin release will be ineffective using the established methodologies for assessing insulin secretion and insulin sensitivity which involve IV glucose administration. A vagal efferent contribution to insulin secretion after IV glucose only takes place during conditions requiring compensatory insulin secretion such as would occur during overfeeding or as we have shown during prolonged stimulation of the pancreatic b-cell with a 48-h glucose infusion [122] . Under these conditions, there is an induction of vagal efferent activity which contributes to the increase in insulin required to maintain glucose homeostasis.
The vagus nerve also plays a role in the regulation of hepatic glucose production. In studies published more than 30 years ago, Shimazu demonstrated that electrical stimulation of the vagus inhibits glycogenolysis [124] and increases activity of enzymes involved in glycogen synthesis [125] . When acetylcholine is administered directly into the portal vein of dogs [126] and streptozotocin-diabetic rats, net hepatic glucose uptake is increased [127] . Furthermore, both vagotomy and atropine increase hepatic glucose output [128] . The importance of vagal mediation of hepatic glucose production has been elegantly verified by the demonstration that activation of ATP- Fig. 1 . Role of the vagus nerve in glucose homeostasis. Vagal afferents relay sensory information from peripheral tissues such as the stomach and intestine to the brain which may initiate vagal efferent activation. Food ingestion is required to activate pre-ganglionic vagal efferent fibers terminating on post-ganglionic intrapancreatic neurons which release acetylcholine. Acetylcholine enhances insulin release to glucose and other nutrients. Physiological studies suggest that the vagal efferents may inhibit hepatic glucose production although the site of hepatic innervation has not been identified. Muscarinic receptors have been shown to mediate vagally-mediated insulin secretion. Hepatic responses may be mediated by either nicotinic or muscarinic receptors. dependent potassium channels in the hypothalamus lowers peripheral blood glucose levels by inhibition of hepatic glucose output [129] . This effect can be blocked by surgical resection of the hepatic branch of the vagus nerve, resulting in an increase in hepatic glucose production. In humans, administration of the muscarinic agonist, bethanechol decreases hepatic glucose production, confirming the functionality of muscarinic activation in mediating hepatic glucose production [130] . While these many physiological experiments support an important role for vagal innervation of the liver, it is still not clear where the neurons terminate and which receptors mediate the reported effects.
Inhibition of vagally-mediated responses such as the enhancement of insulin secretion and inhibition of endogenous glucose production by an AAP with a high muscarinic antagonism would contribute to a pre-diabetic profile of impaired post-prandial insulin release and increased endogenous glucose production, two hallmarks of diabetes. While these outcomes may be the ultimate consequence of chronic AAP administration on a background of increased weight gain and body adiposity as well as increased levels of circulating lipids, we postulate that short-term administration of some of the AAPs, such as olanzapine may initially result in an increase in vagally-mediated insulin release due to two factors: 1) increased food intake which would repetitively stimulate vagal efferent activity and 2) a compensatory increase in central vagal efferent activity due to peripheral blockade of muscarinic receptors (Fig. 2) . Preliminary data from our laboratory indicates that short-term administration of olanzapine to healthy men results in significant increases in cephalic phase insulin release as well as post-prandial hyperinsulinemia. The hyperinsulinemia occurs independent of weight gain and accompanied by only very modest insulin resistance such has been reported previously [131] . To date, only two studies have examined the effect of olanzapine or other AAPs such as risperidone on post-prandial hormonal release. In one study, blood sampling only took place every 2 h which was insufficient to document changes in post-prandial responses [65] while in another, where short and long-acting olanzapine were compared, the effects of the drugs on insulin were not reported although no significant differences in other hormones such as glucagon-like peptide were found [132] . As discussed above, only meal ingestion could reveal whether there was an enhancement or deficit in vagally-mediated responses. We postulate that the increase in post-prandial insulin will drive the deposition of nutrients thereby contributing to weight gain. In addition to a direct effect on the pancreatic b-cell, the AAPs may target hepatic lipid synthesis and storage. Early changes in plasma lipids and modest insulin resistance have been reported after short periods of AAP administration, primarily olanzapine, to healthy individuals [68] . The magnitude of decrease in insulin sensitivity is relatively small after a 9-14 day period of administration and it is unlikely that this is mediated through muscle insulin resistance. A more plausible hypothesis is that there are direct effects of the AAPs on hepatic glucose and lipid metabolism as well as on the pancreas.
As body adiposity accumulates, the known effects of weight gain are manifested: elevated triglycerides, increased free fatty acids, elevated levels of plasma glucose and insulin. Thus, chronic AAP treatment is now being administered on a background of the metabolic syndrome phenotype. Many of the diagnostic components of the metabolic syndrome overlap with those potentially induced by AAP administration. Thus, weight gain will exacerbate the acute AAP-induced metabolic impairments and in some individuals, may eventually result in overt diabetes. Long term administration of the AAP may eventually result in down-regulation of receptors or desensitization to the antagonist effects of the drugs. It is not know whether the stimulatory effect of food intake is maintained over long term treatment. Clinical data seems to suggest that rapid weight gain occurs primarily at the onset of treatment. We would postulate that the compensatory vagally-mediated responses such as the increase in post-prandial insulin release and suppression of endogenous glucose production may be down-regulated or in the case of insulin secretion, may be inhibited by the presence of elevated free fatty acids binding to muscarinic receptors as has been demonstrated in vitro [117] . Loss of the compensatory responses would contribute to impaired glucose tolerance [3] .
Conclusions
In this article we have highlighted two neurotransmitter systems which could potentially contribute to the observed increases in food intake and metabolic impairments following AAP treatment, the histaminergic and muscarinic pathways, respectively. We postulate that the increased antagonistic affinity of olanzapine and clozapine for muscarinic and histaminergic receptors may be responsible for the increased weight gain and metabolic impairments that are specifically associated with these two antipsychotics. Furthermore, we would speculate that the initial administration of an AAP like olanzapine results in peripheral muscarinic blockade with compensatory increases in centrally-mediated vagal efferent activity, possibly via the hypothalamus through repetitive and increased food ingestion, resulting in increased post-prandial insulin release (Fig. 2) . Over time, the increase in centrally-mediated vagal efferent activity may be down-regulated or the effects of muscarinic stimulation further blocked by increases in circulating free fatty acids (Fig. 3) . However, the observed clinical and experimental effects of the AAPs are not solely mediated through these two systems. As mentioned in the introduction, all the neurotransmitters potentially influenced by the AAPs: dopamine, serotonin, noradrenaline as well as acetylcholine and histamine have been implicated in the regulation of food intake, insulin release and glucose metabolism. Both dopamine and serotonin are involved in the motivational [133] [134] [135] and regulational aspects of food intake and therefore, it is not surprising that these drugs may be associated with weight gain [136] [137] [138] . In addition, decreased sympathetic nervous system activity would contribute to increased lipid storage and an inhibition of lipolysis. Thus, what we highlight illustrates how two systems could be contributing to the adverse metabolic profile associated with some of the AAPs. We believe that teasing out the specific pathways responsible for the detrimental side Fig. 2 . Acute effects of atypical antipsychotic administration to humans. Initial administration of some atypical antipsychotics increases food intake and decreases the rewarding experience of food ingestion potentially through blockade of histaminergic, dopaminergic and serotonergic receptors in the central nervous system. The increase in food intake results in repetitive stimulation of vagal efferent activity, eliciting cephalic phase insulin release and post-prandial hyperinsulinemia which overcomes peripheral muscarinic blockade by the AAPs. The post-prandial hyperinsulinemia would then promote nutrient storage and weight gain, exacerbating the effects of increased food intake.
effects will be difficult because of the large redundancy in the mechanisms regulating food intake and the overlap in the mechanisms induced by AAP treatment and those in the etiology of diabetes. However, in the process of understanding how the AAPs contribute to weight gain and metabolic disease, we are likely to advance our understanding of food intake regulation and the etiology of diabetes and cardiovascular disease. Fig. 3 . Chronic effects of atypical antipsychotic administration to humans. Chronic administration of the AAPs to individuals who already have increased body adiposity and hyperlipidemia will result in a decrease in vagally-mediated responses, possibly due to blockade of muscarinic receptors by elevations in circulating free fatty acids (FFAs). The decrease in acetylcholine-mediated responses will result in impaired postprandial insulin release and lack of suppression of endogenous glucose production, leading to impaired glucose tolerance. Some individuals may ultimately develop type 2 diabetes mellitus.
